Optimal secondary clarifier performance is crucial to meet secondary treatment requirements, especially when treating peak wet weather flows (PWWFs), to prevent high effluent suspended solids (ESS) concentrations and elevated sludge blankets. A state-of-the-art computational fluid dynamic (CFD) model was successfully used as a design and diagnostic tool to (1) predict secondary clarifier performance and (2) optimize performance for municipal wastewater treatment plants subject to significant PWWFs. Three case studies are presented. For Case Study 1, the model was used to determine the capacity of an existing plant to treat PWWF and to identify modifications that could be made to increase secondary clarifier capacity. For Case Study 2, the model was used to determine the number of secondary clarifiers that will be necessary to treat future PWWF conditions for a plant under design. For Case Study 3, the model was used to identify modifications that are currently being made to increase the clarifier capacity for handling PWWF.
flocculation characteristics. Secondary clarifier ESS concentrations can be reduced with a properly designed flocculator center well (Parker et al., 1971, and Parker, 1983) .
There are several models that can be applied to predict secondary clarifier performance ranging from simple to complex and from steady-state to dynamic. One-dimensional models such as a state point analysis can be used as a first step to determine if a clarifier is overloaded. However, one-dimensional, steady state models such as a state point analysis do not account for the hydrodynamics of the secondary clarifier nor do they account for the flocculent nature of mixed liquors. As a result, they cannot be used to predict ESS concentrations and may overstate the ability of the clarifier to thicken solids. Computational fluid dynamic (CFD) models can be applied to secondary clarifiers to simulate fluid hydrodynamics. McCorquodale et al. (2005) described a two-dimensional CFD model for secondary clarifiers that accounts for axi-symmetric hydrodynamics (including swirl components), sludge settling, turbulence, sludge rheology, flocculation and floc break-up, clarifier geometry, and varying hydraulic and solids loads. Discrete particle settling, flocculation-induced settling, hindered settling, and compression settling also are described. The model is the most advanced clarifier CFD model available in the wastewater industry at this time.
Brown and Caldwell is currently using the model described by McCorquodale et al. (2005) as both a diagnostic and design tool. This paper presents three projects where the model was successfully implemented to determine existing capacity and identify potential modifications that could increase wet weather capacity.
MATERIALS AND METHODS
All modeling was performed using the CFD model described by McCorquodale et al. (2005) . Brown and Caldwell acted as beta testers for the model and provided feedback for improvements. Model inputs include: mixed liquor settling and flocculating characteristics, discrete settling fractions, secondary clarifier geometry, SOR, temperature, MLSS concentration, and RAS flow rate. The mixed liquor settling and flocculating characteristics and the discrete settling fractions are determined using field and laboratory methods. The model predicts ESS and RAS suspended solids (RSS) concentrations. In addition, the model output can predict flow velocity vectors and solids concentrations throughout a two-dimensional, vertical slice of the clarifier. Sludge blanket depth (SBD) also can be determined from the solids concentration profile. Figure 1 illustrates a typical output from the CFD model. The suspended solids concentrations are represented by color and velocities are represented by vectors. The scale of the velocity vectors has to be exaggerated so that differences in low velocities can be distinguished between runs. As a result, the highest velocities, which are at the inlet, are actually confined to a relatively small volume. They appear enormous but the inlet energy is rapidly dissipated so that it should not necessarily be inferred that they would dominate fluid motion in the tank. Inlet and center well baffling in well designed clarifiers usually mitigates this. Figure 1 also shows a scum baffle at about mid radius in the tank. The clarifier is configured with inboard launders, which can be deduced by the vertical velocity vectors behind the scum baffle.
Mixed liquor settling and compression characteristics were determined by performing batch settling tests using settling columns equipped with a slow-speed to minimize wall effects following the WERF/CRTC protocol (Wahlberg, 2004) . Mixed liquor flocculation parameters were determined following the protocol described by Wahlberg et al. (1994) . Discrete settling fractions were determined as described by McCorquodale et al. (2005) . In addition, the solids concentrations where hindered settling is no longer visible and where discrete particle setting occurs were determined. 
RESULTS AND DISCUSSION

Case Study 1 (Plant 1)
Plant 1 is an existing facility that has nine circular, secondary clarifiers. Table 1 summarizes some of the features of the existing secondary clarifiers. All clarifiers have a 200-ft diameter and a side-water depth of 15 ft. The clarifier bottoms have two different slopes; from the sidewall to 50 ft toward centerline, there is a 4.17 percent slope and from 50 ft from the centerline to the centerline, the slope is 12.5 percent. Sludge removal is performed using a spiral scraper system consisting of four arms (2 "long" and 2 "short"). The spiral scrapers convey settled sludge to two hoppers (8.4 ft. x 7.8 ft.) at the center of the clarifier. Each hopper is connected to its own RAS line. The long spiral arms span the entire diameter of each clarifier and the short arms span 100 ft of the diameter. The clarifier has "outboard" launders, meaning effluent is collected on the periphery, and the launders are equipped with Crosby baffles.
The objectives of the modeling for Plant 1 were to determine the existing secondary clarifier capacity to treat future increased PWWFs anticipated by planning studies. The modeling also was used to make recommendations for clarifier optimization to increase capacity. (Table 2) . This difference was attributed to the difficulty in accurately measuring the compression zone settling parameters. The predicted SBD values were significantly higher than the plant-measured values. Currently, the plant uses a hand-held photoelectric blanket meter and the low values that were measured were later found to be due to instrument error. Model predicted sludge blanket levels were found to be representative of actual blanket depths when a more accurate blanket detection method was used in subsequent testing. 
Parameter Measured Predicted
ESS Concentration 5-11 mg/L 9.4-10.7 mg/L RSS Concentration 8,200 mg/L 9,300-9,600 mg/L SBD 1.5-2.0 ft 8.1-8.8 ft Capacity Assessment. The calibrated model was used to determine the capacity of the existing secondary clarifiers. Clarifier failure was defined by the 7-day average total suspended solids concentration of 24 mg/L required by the existing permit. Based on planning objectives that would create storage in the system for peak flows and later processing at Plant 1, it was decided to determine if the existing clarifiers could process a sustained increased flow of 350 mgd (SOR = 1,239 gpd/sf). Table 3 shows the plant operating conditions for Plant 1 used for the capacity assessment. For the model runs, the 90 th -percentile SVI value (116 mL/g), determined from historic plant operating data, was used to represent sludge settleability using empirically determined relationships between settling parameters and SVI described by Wahlberg and Keinath (1995) . Model runs were performed based on a flow of 350 mgd and assuming different clarifier numbers starting with the existing nine, and testing the performance with the addition of new clarifiers. Each model run represented 24 hours of operation at peak flow conditions. If a stable operating condition was achieved over a 24-hour period, it was assumed that the clarifier was capable of treating flow for the duration of the 5-day storm event. Run 3 assumed the existing nine clarifiers and Runs 4b, 4 and 5 assumed construction of new clarifiers of the same type raising the number to 11, 12 and 13 clarifiers, respectively. For Run 3, a 35 percent RAS flow was used; for Run 4a, a 43 percent RAS flow was used; for Run 4, a 47 percent RAS flow was used; and for Run 5, a 50 percent RAS flow was used. The RAS rates represent the maximum existing RAS pumping capacity of 122 mgd (nine clarifiers at 13.6 mgd RAS flow per clarifier).
Both runs 3 and 4b resulted in rapid increases in SBD and elevated ESS concentrations ( Figure  2 ). Runs 4 and 5 had an acceptable ESS concentration and the SBD did not increase as in previous runs. Based on these results, it was concluded that the model-predicted capacity of the existing secondary clarifiers was 263 mgd (their intended design capacity) or 29.2 mgd per clarifier (Run 4) which is an SOR of 1,239 gpd/sf and an SLR of 29.3 lb/sf-d. Figure 3 shows the model output of Run 4 and shows the blanket had stabilized.
Clarifier Optimization. Based on the capacity assessment, the Plant 1 secondary clarifiers are capable of treating 263 mgd, and are therefore unable to meet the PWWF criterion of 350 mgd. The results of the modeling indicate that the process bottleneck is sludge transport and removal. From the model results, the sludge is not being removed quickly enough (the proof of this conclusion is the relief from the sludge transport constraint when modifications with suction sludge removal were modeled). At 200-ft diameter, these units are relatively large for municipal wastewater treatment. The poor sludge transport is due to the longer time that is required to convey sludge to the center hoppers. Another limitation of the clarifiers is the conical bottom configuration. To make full use of the thickener ability, the conical bottom of the clarifier must be completely filled. This means that the clarifier must have a blanket penetrating the full diameter of the clarifier before all of its surface area is available for sludge thickening. Three scenarios were investigated using suction sludge removal with the existing conical-shaped clarifier bottom: Run 6 used an inboard launder (25 feet from the perimeter) and 50 percent RAS flow, Run 15 used 50 percent RAS flow only, and Run 16 used an inboard launder with 35 percent RAS flow. Only Run 6 produced an acceptable ESS concentration (Figure 4 ). Using the existing outboard launder (Run 15) resulted in elevated ESS values compared to using an inboard launder (Run 6). Mixed liquor, traveling along density currents at the bottom of the clarifier, will be deflected upward when reaching the clarifier wall which can then travel directly out of an outboard launder, as is shown to be the case in Figure 5 . The advantage of an inboard launder is there is less effect from the deflected density currents, and ESS concentrations are generally lower ( Figure 6 ). Reducing the RAS flow to 35 percent of the influent flow resulted in rapid clarifier failure due to high SBD and ESS levels. The reduced performance is due to sludge accumulation in the clarifier. The 35-percent RAS flow does not provide sufficiently fast removal to prevent a rapid rise in the sludge blanket level. in a stable SBD, however the average ESS was 32 mg/L. Using a 50 percent RAS flow reduced the blanket depth directly under the center well and the higher ESS is probably due to the higher velocities in the clarifier due to the higher SLR. In comparison, using a 35 percent RAS (Run 17) resulted in a higher SBD that is uniform and it appears that the velocities are low enough not to push an excessive amount of floc over the weir (Figure 8 ). Option A (Run 6) would be somewhat more difficult to implement in practice only because a new type of suction sludge removal system would have to be developed and tested to deal with the kind of sloped-bottom clarifier at Plant 1. In addition, the higher RAS flow of 50 percent would require that additional pumping capacity be installed at the plant, because the existing RAS pumping stations are limited to 35 percent RAS flow rates (i.e., 13.6 mgd RAS flow at 350 mgd influent flow). By filling in the conical section of the clarifiers, as described by Option B (Run 17), a lower RAS rate can be used (at 35 percent) and would be sufficient to not require any modifications to the existing RAS pumping or piping.
Case Study 1 shows that by modification of internal clarifier features, significant additional capacity (34 percent) can be gained. This both saves cost and just as important for this space constrained site, it saves space that can be reserved for future plant expansions.
Case Study 2 (Plant 2)
For Case Study 2, the model was used to determine the number of secondary clarifiers necessary to treat PWWF for a future new wastewater treatment plant. The heavy rainfalls and high flows experienced in early January 2005 were higher than had previously been used in the planning of Plant 2. This precipitated a reassessment of secondary clarifier design requirements during PWWF events, so that more accurate predictions could be made. The January 2005 storm event was used to forecast PWWF conditions for the year 2020. Flows will be divided between Plant 2 and an existing facility. Table 4 summarizes some of the features of the secondary clarifiers designed for Plant 2. Because Plant 2 was under design and not in operation, it was not possible to obtain sludge settling and flocculating characteristics. Typical values were assumed to be representative for the mixed liquor. Three scenarios were investigated for Plant 2: six new secondary clarifiers, five new secondary clarifiers or four new secondary clarifiers, each having a peak hour wet weather SOR of 2,119 gpd/sf. These conditions were evaluated to determine if cost savings could be realized, reducing the number of planned secondary clarifiers. For the two cases with less than six clarifiers, some blending of primary effluent with secondary effluent would be involved during the design peak storm event. The peak SOR value was applied based on previous experience with similar secondary clarifier designs (Parker et al., 1997) . Figure 9 shows the flow patterns that will occur under each of the three scenarios. Comparing the three scenarios, it can be seen that with the case of six secondary clarifiers, the peak SOR of 2,119 gpd/sf is reached for one hour during the storm event. For five secondary clarifiers, the peak SOR is reached (or nearly so) for 12 hours of the 24-hour period, and for four clarifiers, the peak SOR is reached for 13 hours of the 24-hour period. The latter two scenarios obviously represent a much more critical loading condition for the secondary clarifiers. Conclusions for Plant 2. Designing less than six secondary clarifiers while sustaining a peak SOR of 2,119 gpd/sf, represents a non-conservative design approach. The modeling results indicate that with the six clarifiers, this additional stress from the new design storm (January 2005) can be handled because of the peak overflow rate occurs for only a short duration. However, if the number of clarifiers were reduced to five or four, the peak SOR (or nearly the peak SOR) would be extended to 12 hours of the peak day flow event, not the one hour that occurs with six clarifiers. In establishing the peak hour SOR at 2,119 gpd/sf for the 6-clarifier case originally, it had been the assumption that this was not a sustained condition and occurred for only one hour during the storm event. Model results show that extending this stress condition further deteriorates performance to the extent that the clarifiers are close to failure. Given the potential inaccuracy in the assumptions about sludge quality input to the model, designing for four or five secondary clarifiers for Plant 2 was considered not to be conservative and the design proceeded with six secondary clarifiers.
Case Study 2 shows that while an aggressive SOR had been initially chosen (2,119 gpd/sf) to save space and conserve cost based upon past experience, the CFD model was able to provide valuable additional information about how long such peak SOR values can be sustained. It showed that a design optimum already had been found based on experience and avoided adoption of higher risk alternatives. Plant 3 is an existing facility that has two circular, 55-ft diameter secondary clarifiers. Existing clarifier details are shown in Table 5 . The secondary clarifiers are equipped with suction mechanisms for the removal of the thickened sludge at the bottom of the units. These units have the distinction of not being equipped with a properly sized flocculation center wells or energy dissipating inlets.
There was a concern about clarifier capacity in this plant, as the clarifiers consistently had high blanket levels when state point analysis showed that the clarifiers were underloaded. To avoid derating the clarifiers, a special study was conducted to determine the cause of the high blankets as well as to determine the most suitable means for correction. Secondary Clarifier Optimization for Plant 3. The model was used to evaluate modifications to the existing secondary clarifiers that could be implemented to reduce the sludge blanket height to reasonable levels which would eliminate the need to construct additional clarifiers. Two different scenarios were evaluated: (1) adding a 20-ft diameter, 7-ft deep flocculator center well and (2) adding a 20-ft diameter, 7-ft deep flocculator center well plus an inboard launder at 25 percent of the clarifier diameter. Figure 12 show the model results for each alternative evaluated. Both alternatives would reduce the SBD to approximately 1 ft improving the performance of the existing unit configuration and regaining the clarifier capacity. In addition, the ESS concentration was improved from 45 mg/L (during the calibration run) to 15 mg/L for scenario 1 and 14 mg/L for scenario 2. From the two scenarios evaluated, scenario 1 was used to determine the capacity of the secondary clarifiers at Plant 3. Scenario 1 was recommended and implemented because the necessary modifications were less expensive than those necessary for scenario 2.
Case Study 3 showed the power of the CFD model to solve the mystery of high sludge blankets when state point analysis failed to identify a cause. The combination of our experience with successful modifications in other plants, with the use of the CFD tool allowed a solution that could be designed without having to go through an expensive pilot test of the modification. Finally, identification of the problem and the recovery of the capacity of these clarifiers allowed the utility to avoid the construction of an additional clarifier at the cost of 750,000 USD. 
CONCLUSIONS
Combined with our past experience on successful secondary clarifier modifications, the CFD model was found to be an effective tool to determine: 1) capacity of existing clarifiers, 2) performance limitations of clarifiers, 3) effects of clarifier modifications that can potentially improve performance and increase their capacity, and 4) design considerations for new clarifiers. The model was successfully used on three separate projects where PWWFs are an issue. For
